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Abstract
Spent mushroom compost (SMC) has proven to be an attractive material for improving soil structure in tilled soils and increasing dry matter production in grassland soils, owing to its high organic matter content and availability of essential plant nutrients. Because of this, it is important to identify the variability in composition of SMC in order to evaluate its merit as a fertilizer/soil conditioner. For this reason, a study was carried out involving the analysis of SMC samples obtained from five mushroom growers using compost from each of the thirteen mushroom composting yards currently operating in both Northern Ireland (five yards) and the Republic of Ireland (eight yards). The selected parameters measured include dry matter, organic matter, total N, P and K, C/N ratio; plant-available P and K, pH, EC, total Ca, Mg, Na, Cu, Zn, Fe, Mn, Cd, Cr, Ni, Pb; and cellulose, hemicellulose and lignin constituents. Yield of mushroom data were also collected from the selected growers. There were significant differences (P<0.05) within two compost production yards for some parameters, therefore, for the most part, the uniformity of SMC within each yard is relatively consistent. However, significant differences (P<0.05) were evident when comparing SMC obtained from growers supplied with compost from Northern Ireland and the Republic of Ireland independently, particularly among total and available phosphorus and potassium values. The results obtained show that, while SMC has fertilizer merit, its variability of composition must be taken into account when assessing this value. The variability of composition is also of particular interest in the context of recent emphasis on plant nutrient management in agriculture.
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Introduction
Spent mushroom compost (SMC) is becoming available in increasing quantities with the Irish mushroom production industry producing an estimated 295,000 tonnes of SMC annually (Anon. 2001), a fact that poses a great environmental challenge in terms of its effective management. It is generally acknowledged that SMC is a valuable material for improving soil structure in tilled soils owing to its highly organic nature (Maher et al. 2000, amongst others) and increasing dry matter production on grassland soils (Mullen and McMahon, 2001). As 72 % of all SMC in Ireland is applied to land (Maher et al. 2000), it is therefore imperative that systematic analysis be carried out on its composition, in order to evaluate its merit as a fertilizer, so that it can be applied to land in a rational and informed manner. The main objectives of this study were to identify the differences in nutrient composition of SMC in Ireland, in relation to selected physical and chemical parameters and to evaluate its overall potential when utilized as a fertilizer or soil conditioner. 

Mushroom farming system in Ireland
The manufacture of mushroom compost in Ireland generally involves two stages, the first of which is performed outdoors or under a roof, in large heaps, where the raw materials are moistened and thoroughly mixed for up to 12 days. Raw materials are moistened in order to ensure that the different components are mixed uniformly, and more importantly, to encourage microbial activity. However, this system may be susceptible to changes in the ambient temperature, especially outdoors.  After this crucial pre-treatment phase, these stacks are placed in long windrows undercover, for seven to eight days and are mechanically aerated. These stacks heat up quickly and sometimes may reach temperatures as high as 80oC (Maher et al. 1993).

Phase two of this composting process is carried out in purpose built structures, which are generally well-insulated plastic tunnels with slatted floors. The environment is carefully controlled, where the compost temperature is allowed to rise to 57 – 60oC for up to 12 hours and subsequently reduced by the influx of air from the air plenum below the compost. This pasteurisation stage is essential for the control of diseases and unwanted organisms. This phase is continued until the temperature has dropped to around 30oC and the ammonium levels are below 10 ppm as at higher concentrations the ammonium would be toxic to the mushroom (Maher et al. 1993).

The compost is then mixed with spawn, which is a monoculture of mushroom mycelium on cooked and sterilised grain and then placed into plastic bags, or more economically on Dutch shelves which are then distributed to mushroom farms around the area. After about two weeks the compost is completely colonized by the mycelium and the final step in the preparation of the compost involves covering the mycelium with a layer of casing. This layer generally consists of peat and calcium carbonate, which initiates the formation of pinheads in a vertical direction. Three weeks after casing, the first mushrooms can be harvested. The used compost is sometimes sterilised for 12 hours at 70oC or disinfected. This sterilised mixture of compost and casing soil is further available for beneficial use in agriculture and horticulture and is known as spent mushroom compost (Maher et al. 1993). 

Materials and Methods
Spent mushroom compost was collected from mushroom production units supplied with compost from each of the thirteen composting yards in Northern Ireland (5 yards) and the Republic of Ireland (8 yards), where the compost was initially manufactured from the raw materials wheaten straw, gypsum, poultry litter and/or horse manure, with cottonseed meal and mushroom spawn also supplemented. One bag of SMC was chosen randomly from each of five production units (growers) supplied by each yard and all of these bags originated from the same compost cycle and had produced 3 flushes of mushrooms. The total number of bags of SMC collected and analysed was 63 as only four SMC samples could be obtained from each of two production units. 

Bags were cylindrical in shape and measured approximately 60 cm in diameter and 45 cm in height, about 22 kg in weight and included the casing layer. Segments of compost, 20 cm wide, extending from the surface to the bottom of the bag were cut along the diameter of each bag so as to achieve a representative sub-sample as illustrated in figure 1 and these were subsequently removed for analysis. These were mixed thoroughly by hand and the dry matter (DM) content determined on duplicate sub-samples by drying in a forced draught oven at 105 oC. The remainder of each segment was air dried for one week and shredded using a JCB SS2400 shredder (Argos, Ireland). Representative sub-samples of the shredded material were then finely pulverized using a coffee grinder, which allowed the material to pass through small-aperture sieves as required by some of the analytical procedures. 

Despite the fact that no standard analytical methods of compost or SMC analysis exist, methodologies chosen for this study were similar to those employed for analysis of SMC and dry plant material. No comparisons were made where different extraction methods were employed or where incomparable units were reported.

Plant nutrient and physical analysis
Twenty-five parameters were measured on the 63 samples and, in addition, associated mushroom yield data were obtained from each grower. Organic matter (OM) content was determined following overnight ashing at 500 oC (Gallenkamp muffle furnace). pH values were obtained in a 2:1 ratio with distilled water, using a Jenway 3010 pH meter in accordance with Hendershot et al. (1993) while the electrical conductivity (EC) of the composts was determined using a 5:1 ratio with deionised water, as per Bower and Wilcox (1965) using a Jenway 4200 portable conductivity meter. 

Total phosphorus was measured colorimetrically by UV spectrophotometry (UV Spect 2000) while total potassium, calcium, magnesium and sodium levels were analysed by atomic absorption spectrophotometry (AAS) (Varian, 1989) using an air-acetylene flame. Filtrates for both phosphorus and total cations were obtained as per Rowell (1994). Plant-available soil phosphorus and potassium levels were also determined using AA spectrophotometry, following extraction with Morgan’s solution (Byrne, 1979), which is routinely used for agricultural analysis in Ireland. 

Total nitrogen was determined using the Kjeldahl method (AOAC, 1995) and the C/N ratio was calculated from this value along with the associated organic matter value, on the hypothesis that organic matter contains 58 % carbon (Haug, 1993). The acid detergent fibre (ADF), acid detergent lignin (ADL) and hemicellulose components were analysed following a series of refluxing and ashing as per Goering and Van Soest (1970) and this analytical procedure was also employed by Sharma (1999) for mushroom compost analysis. 

Heavy metal analysis
The filtrate obtained for the determination of the total elements copper, zinc, iron and manganese was extracted according to Richards (1993), while total cadmium, chromium, nickel and lead values were determined as per Soon and Abboud (1993).  All element levels were determined by atomic absorption spectrophotometry. The appropriate standards were prepared within the range for optimum working conditions, as stated in the operator’s manual (Varian, 1989). 
 
Statistical analysis
Normality tests were conducted on all SMC samples and where data were skewed, they were transformed (log10) (Daniel, 1999). The data were then analysed statistically using analysis of variance and Pearson’s bivariate correlations on SPSS version 11.0 (SPSS, 2002). The data were initially analysed using descriptive measures giving the mean, minimum and maximum values for each parameter analysed, along with the standard deviation and coefficient of variation. 

Multivariate statistical analyses were carried out using a MultiVariate Statistical Package (MVSP) for windows version 3.0 (Kovach, 1998). Box and whisker plots were utilized to graphically summarize the array of values for each parameter about the median. Hierarchical cluster analysis (HCA) was also employed using Gower general similarity coefficients on MVSP, where the level of similarities between each yard are linked and presented on a dendrogram. Principal Component Analysis (PCA) was also employed to analyze the relationships between the physical and chemical parameters measured for SMC supplied from each of the 13 compost production yards, with the resulting graphical analysis presented in ordination biplots in relation to the ordination axes. The correlation matrix for standardization was utilized as the parameters that were analysed were on different scales (Kovach, 1998).

Results 
Nutrient composition of SMC 
The nutrient composition and physical component description of the 63 samples are epitomized in table 1, where it is evident that SMC has a considerable yet varying supply of plant nutrients and a high organic matter content. The coefficient of variation, which is a measure of variation independent of the unit of measurement (Daniel, 1999), is highest for bio-available phosphorous and total calcium, while the consistency of organic matter and pH are relatively uniform. Variability is within these parameters may be due to the varying mixes and types of ingredients utilized in the manufacturing of the selective mushroom substrate, while the supplementation of the digestive enzyme phytase in chicken feed (Anon. 2003) may be a cause of the high variability within phosphorous concentrations as well as the varying rates of phosphorous uptake by the mushroom crop.  In a typical commercial growing medium, EC levels would be in the 1.2-1.5 mS cm-1 category (Maher et al. 2000), however a mean value of 10.5 mS cm-1 was obtained for the 63 growers. This fact has been reported to limit the further use of SMC as a potting substrate, soil amendment and organic manure (Maher et al. 2000, amongst others). This high salinity level is possibly due to the level of potassium present (P<0.01, r=0.794) and to a lesser extent total Na (P<0.01, r = 0.428). All C/N ratio values obtained for the 63 samples were below the recommended ratio of 25 and therefore indicate that SMC is relatively stable (Hogg et al. 2002) and this stability is reiterated in the fact that a further 6 weeks of composting would yield a completely stabilised SMC compost (Lohr et al. 1984).

The composition of SMC nutrients determined within this study are compared to those of other studies in table 2, where it is notably evident that the EC, phosphorous and magnesium content of SMC are lower than all other SMC samples in Ireland, the UK, the Netherlands, Florida and Pennsylvania while the DM, potassium, calcium and sodium levels are appreciably higher. Values for total K obtained by Maher (1988), EC (Male, 1981), N (Levanon and Danai, 1995 and Chong and Rinker, 1994) and total P (Mullen and McMahon, 2001) are equivalent to those obtained in this study. However, as a broad range of mushroom compost production systems are operating worldwide, the discrepancies between mean values obtained for various SMC characteristics between countries may be attributed to this fact. 

Heavy metal content of SMC
The mean concentration of heavy metals in the 63 SMC samples are outlined in table 3, along with the maximum and minimum values, standard deviation and coefficient of variation for each metal. However, it is not known if these values are acceptable as no legal heavy metal limits or standards have been published for SMC or indeed for any general compost produced in Ireland, yet there are standards implemented in many other European countries for general compost. These limits for lead range from 120-1200 mg kg-1, from 1-105 mg kg-1 for cadmium, 70-750 mg kg-1 for chromium, nickel from 20-400 mg kg-1, copper from 90-1750 mg kg-1 and zinc from 280 to 4000 mg kg-1 (Briton, 2001). While the coefficient of variations for most of the heavy metals are passable, the values obtained are well within the recommended range in other EU countries and should not be a cause for concern when applied to land, as elevated heavy metal concentrations negatively affect plant growth. According to Briton (2001), the cadmium levels obtained for SMC are significantly lower than the proposed legal limits for compost in some EU countries. However in comparison to values published by Hogg et al. (2002) in a review of compost standards in Ireland, a maximum limit of 1.5 mg kg-1 Cd was suggested for general compost thus signifying that the majority of SMC samples in Ireland are in excess of this concentration. 

The heavy metal content of SMC determined within this study is compared to levels published in other studies in table 4, where it verifies that the copper and cadmium levels are elevated, while manganese, iron, chromium and nickel are invariably lower that those reported in other countries. 

In summary, the range, skewness of each variable and outliers are identified and visually synopsized for the 63 SMC samples in figure 2, but some variables should be looked at with scepticism as the magnitude of some of the parameters are dominated by larger valued variables. 

The hierarchical cluster dendrogram in figure 3 epitomizes the similarities between SMC supplied from each composting yard in regard to each of 25 parameters analysed. SMC samples from Northern Ireland composting yards denoted by the letters A-E are evidently clustered together while SMC samples from the Republic of Ireland yards are also closely clustered together and are denoted by the letters F-M, illustrating that the closer the yards are linked together, the more similar they are (Kovach, 1998). 

The multivariate relationships between SMC nutrient content, physical composition and heavy metal content as determined by principal component analysis (PCA) on a standardised correlation matrix. The first two axes accounted for 53 % of the overall variation (table 4) and are graphically displayed in figure 4. The first axis differentiates between samples analysed from the Republic (to the left of the ordination diagram) and Northern Ireland (positioned to the right of the ordination diagram) and detailed 32 % percent of the total variation between SMC samples. The differentiation maybe due to a number of parameters, predominately the pH and cellulitic values of SMC from the southern yards while the phosphorous, potassium and OM levels along with the mushroom yield data differentiate the northern yards. The second axis, which explicates 20.7 % of the total variation of SMC, differentiates SMC according to the lignolytic components and heavy metal content with the exception of manganese, from the chemical and nutrient properties. 

Conclusions
1.	Spent mushroom compost has a considerable yet varying supply of plant nutrients with a mean N/P/K ratio of 1.2/1/1.1 recorded and a high organic matter content is always ensured (=56.6 g kg-1), along with a consistently low heavy metal content. 
2.	Total and bio-available phosphorous and potassium levels give coefficient variations of 95 %, 32.2 %, 22.3 % and 31 % respectively, suggesting that SMC is not a reliably consistent compost. 
3.	Potassium is primarily responsible for the elevated EC levels of SMC (=10 mS cm-1) giving a correlation of P<0.01, a fact that was also noted by Maher et al. (2000). As the recommended EC of a typical commercial growing medium is approximately 1.2-1.5 mS cm-1 (Maher et al. 2000), the use of SMC as a potting substrate is particularly limited.
4.	Spent mushroom compost has a great overall potential to act as a liming material when utilized as part of a soil-conditioning programme, with an estimated mean calcium level of 28 g kg-1 present. However, the degree in variability of this parameter is sizeable (83.3 %) indicating that SMC could not be relied upon as a liming material, unless directly analysed prior to land application.
5.	The initial lignin content of SMC may be of interest to substrate manufacturers, as the mushroom yield positively correlated with the lignolytic component of the compost (P<0.01) indicating that a subsequent increase in lignin content may enhance the overall mushroom production. 
6.	Cadmium levels within the SMC (=6.2 mg kg-1) suggest that these levels are elevated when compared to the recommended maximum value of 1.5 mg kg-1 published by Hogg et al. (2002).  

Implications
1)	When purchasing SMC as an organic fertilizer or for any agricultural or horticultural use, it is imperative to be assured that SMC will offer ‘value for money’ in terms of its adequate and reliable supply of plant nutrients. In general, the extent of nutrient variability in SMC is concerning, as these inconsistencies could lead to the surplus accumulation of plant nutrients in the soil, particularly if SMC is not analyzed prior to land application. Systematic consistent information regarding SMC composition must be available from each compost production yard. Centralized SMC handling depots as suggested by Maher et al. (2000) could facilitate such methodical analysis of SMC and may encourage landowners to utilize SMC beneficially as a soil conditioner or fertilizer as accurate nutrient values can be guaranteed.
2)	Overall, the coefficients of variation should be improved for all parameters, in particular for plant nutrients. Until then, SMC should be analyzed prior to land application and subsequent application rates should determined from these analyses along with the nutrient content of the soil, in conjunction with the appropriate nutrient management plans.
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Table 1 Minimum, maximum, mean and standard deviation of selected plant nutrients and physical parameters on SMC samples (n=63) on a dry matter basis. 
Parameter	Min	Max	Mean	SD	CV (%)
Dry matter (g kg-1)	216	512	312	46.4	14.8
Organic matter (g kg-1)	407	761	645	58.6	9.2
pH	6.0	7.9	6.8	0.48	7.1
EC (mS cm-1)	6.8	15	10	1.8	17.1
Bio-available P (g kg-1)	1.3	25	4.0	3.8	95.0
Total P (g kg-1)	11	38	18	5.8	32.2
Bio-available K (g kg-1)	8.0	21	13	2.9	22.3
Total K (g kg-1)	11	34	20	6.2	31.0
Total N (g kg-1)	17	28	21	2.0	15.5
C/N ratio	14	24	18	2.0	11.1
Total Ca (g kg-1)	3.0	101	28	49.1	83.3
Total Mg (g kg-1)	0.55	39	18	19.4	26.0




Mushroom yield (kg kg-1)	0.12	0.28	0.21	0.328	15.5

CV: Coefficient of variation (%); SD: Standard deviation; Mushroom yield: kg mushroom per kg of substrate.

Table 2 Mean nutrient content and physical properties of SMC compared with those of other studies
		Overall comparison with other studies	
		P.S.V. > Other studies	P.S.V. < Other studies
Parameter	P.S.V.Mean ± SD	Author(s)	#	Author(s)	#
Dry Matter (gkg-1)	312 ± 46.4			Mullen and McMahon, 2001 (373gkg-1)Maher et al.  2000 (315gkg-1)Gerrits, 1994 (348 ± 49gkg-1)Wuest and Fahy, 1992 (430gkg-1)Devonald, 1987 (444gkg-1)Stephens et al. 1989 (451gkg-1)Maher, 1988 (349gkg-1)	11362036711
Organic Matter (gkg-1)	645 ± 58.6	Mullen and McMahon, 2001 (640gkg-1)Levanon and Danai, 1995 (575gkg-1)Gerrits, 1994 (633 ± 47gkg-1)	1620	Maher et al.  2000 (650gkg-1)Devonald, 1987 (706gkg-1)	137
pH	6.8 ± 0.48	Mullen and McMahon, 2001 (6.6)Maher et al.  2000 (6.6) Maher, 1988 (6.2)	1131	Levanon and Danai, 1995 (8.1)Chong and Rinker, 1994 (8.1)Stephens et al.  1989 (7.3)Dallon, 1987 (7.53)Devonald, 1987 (7.5)	5117
EC (mScm-1)	10 ± 1.82	Mullen and McMahon, 2001 (7.5mScm-1)Maher et al.  2000 (7.5mScm-1)Levanon and Danai, 1995 (3.12mScm-1)Chong and Rinker, 1994 (6.2mScm-1)Devonald, 1987 (3.5mScm-1)Dallon, 1987 (3.45mScm-1)	11371	Stephens et al.  1989 (12mScm-1)	1
Bio-available P (gkg-1)	4.0 ± 3.8	Devonald, 1987 (2.8gkg-1)	7		
Total P (gkg-1)	18 ± 5.8	Maher et al.  2000 (12.5gkg-1)Levanon and Danai, 1995 (8gkg-1)Chong and Rinker, 1994 (7 8gkg-1)Wuest and Fahy, 1992 (4gkg-1)Stephens et al.  1989 (6.9gkg-1)Maher, 1988 (10gkg-1)	133611		
Bio-available K (gkg-1)	13 ± 2.9			Devonald, 1987 (15.5gkg-1)	7
Total K (gkg-1)	20 ± 6.2	Stephens et al. 1989 (14.6gkg-1)	1	Mullen and McMahon, 2001 (24gkg-1)Maher et al.  2000 (25.0gkg-1)Levanon and Danai, 1995 (25gkg-)Wuest and Fahy, 1992 (24gkg-1)	11336
Total N (gkg-1)	21 ± 2.0	Mullen and McMahon, 2001 (20gkg-1)Gerrits, 1994 (5.8 ± 2.0mgkg-1)Wuest and Fahy, 1992 (19gkg-1)Devonald, 1987 (15.9gkg-1)	149367	Maher et al.  2000 (25.5gkg-1)Maher, 1988 (28gkg-1)	131
C/N ratio	18 ± 2.0	Levanon and Danai, 1995 (15.8)Chong and Rinker, 1994 (10)	5	Mullen and McMahon, 2001 (18.6)	1
Total Ca (gkg-1)	28 ± 49.16			Maher et al.  2000 (72.5gkg-1)Levanon and Danai, 1995 (97gkg-1)Wuest and Fahy, 1992 (49gkg-1)Stephens et al. 1989 (61.0gkg-1)Maher, 1988 (66gkg-1)	133611
Total Mg (gkg-1)	18 ± 19.38	Maher et al.  2000 (6.7gkg-1)Wuest and Fahy, 1992 (7gkg-1)Stephens et al.  1989 (3.8gkg)Maher, 1988 (5gkg)	133611		
Total Na (gkg-1)	1.68 ± 2.73			Maher et al.  2000 (2.67gkg-1)Maher, 1988 (2gkg-1)Levanon and Danai, 1995 (7gkg-1)	131
Lignin (%)	25 ± 9.5	Sharma et al.  1999 (24.43%)	1		
Cellulose (%)	38 ± 8.6	N.A.C.		N.A.C.	
Hemicellulose (%)	19 ± 8.71	N.A.C.		N.A.C.	
Mushroom Yield (kgkg-1)*	0.21 ± 0.328	N.A.C.		N.A.C.	

P.S.V:  Present study value; N.A.C: No available comparison; SD: Standard deviation; #: Number of SMC samples analysed; *: Kg mushroom per kg of compost. 
No comparisons were made where different extraction methods were employed.












CV: Coefficient of variation (%); SD: Standard deviation.

Table 4 Mean heavy metal content of SMC compared with those of other studies
		Overall comparison with other studies	
		P.S.V. > Other studies	P.S.V. < Other studies
Parameter	Present Study ValueMean ± SD	Author(s)	#	Author(s)	#
Total Cu (mgkg-1)	54 ± 21.2	Maher et al.  2000 (46mgkg-1)Gerrits, 1994 (37 ± 9mgkg-1)Wuest and Fahy, 1992 (46mgkg-1)	1362036		
Total Zn (mgkg-1)	143 ± 39.2	Gerrits, 1994 (130 ± 30mgkg-1)Wuest and Fahy, 1992 (104mgkg-1)	62036	Maher et al.  2000 (273mgkg-1)	13
Total Mn (mgkg-1)	164 ± 36.5			Maher et al.  2000 (376mgkg-1)Wuest and Fahy, 1992 (333mgkg-1)	1336
Total Fe (mgkg-1)	4.7 ± 0.95			Maher et al.  2000 (2153mgkg-1)	13
Total Pb  (mgkg-1)	10.4 ± 1.69	Gerrits, 1994 (9 ± 7mgkg-1)	620	Wuest and Fahy, 1992 (14.9mgkg-1)	36
Total Cd  (mgkg-1)	6.2 ± 1.18	Gerrits, 1994 (0.5 ± 0.1mgkg-1)Wuest and Fahy, 1992 (0.43mgkg-1)	62036		
Total Cr  (mgkg-1)	0.21 ± 0.01			Gerrits, 1994 (17 ± 13 mgkg-1)Wuest and Fahy, 1992 (8.5mgkg-1)	62036
Total Ni  (mgkg-1)	5.8 ± 0.02			Gerrits, 1994 (6 ± 4mgkg-1)Wuest and Fahy, 1992 (11.9mgkg-1)	62036

P.S.V:  Present study value; N.A.C: No available comparison; SD: Standard deviation; #: Number of SMC samples analysed; *: Kg mushroom per kg of compost. 
No comparisons were made where different extraction methods were employed.

Table 5 Summary statistics for parameters measured on SMC from 13 separate composting production yards. 
Axes	1	2	3	4	5	6
Eigenvalues	8.07	5.18	3.62	2.44	1.85	1.24












Figure 1 Sub sample of SMC module.












Figure 4 PCA ordination biplot of the physical and chemical properties of SMC obtained from the 13 composting yards (A-M). All parameters represent the total amount of the particular element in SMC, unless otherwise stated. 
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